INTRODUCTION
The DNA adducts O 6 -alkylguanine and C-alkylthymine, produced by simple monofunctional alkylating agents such as alkylnitrosoureas, are mutagenic and carcinogenic (1) . Similarly, the cytotoxic, antitumor effects of chloroethylating agents such as l,3-bis(2-chloroethyl)-l-nitrosourea are believed to involve formation of O 6 -guanine adducts (2) . O 6 -methylguanine-DNAmethyltransferase (MGMT, EC.2.1.1.63) specifically removes these DNA lesions by directly transferring the alkyl group to a cysteine acceptor residue within the protein itself in a stoichiometric autoinactivating reaction (3, 4) . All normal human cells and tissues express the MGMT protein, although levels vary appreciably according to cell and tissue type (5) . A proportion of human tumor cells however (-20%) appear to be completely deficient in MGMT and these cells (termed Mer~ or Mex") are hypersensitive to the carcinogens and drugs that induce O 6 -guanine adducts (6, 7, 8) . Accordingly, there is considerable interest in the molecular basis of regulation of the MGMT gene in normal tissues and its apparent absence in some malignant tumor cells.
Recent isolation of the MGMT cDNA (9,10,11) and development of human MGMT-specific antibodies (12) has facilitated molecular characterization of the gene and its expression in human cell lines. Evidence from our laboratories (13) and others (14, 15) increasingly suggests that expression is regulated at the level of transcription because in all but one of the Mer~ cell DNA samples studied to date (9) , the MGMT gene was present in Southern analysis with no gross rearrangements or deletions whereas the mRNA and protein are undetectable by Northern and Western analyses, respectively.
Although events other than transcription, may result in mRNA deficiency in Mer~ cells (e.g., RNA processing in the nucleus, mRNA transport from the nucleus and mRNA stability) (16), we have chosen to investigate transcriptional regulation by examining the 5'-flanking region of the human MGMT gene. Here we describe the characterization of promoter elements in the 5'-untranslated sequences and the identification of the transcription start site.
MATERIALS AND METHODS

Molecular biology
All techniques not described below, such as routine subcloning were performed according to Sambrook et al. (17) .
DNA sequencing DNA to be sequenced was ligated into M13mpl8, 19, or pUC18 and subjected to sequencing by the dideoxy chain termination method (18) Computer analyses were performed using the Intelligenetics suite of programs on a MicroVax 3600.
Primer extension
Oligonucleotide primers for extension reactions were synthesized using standard phosphoramidite chemistry and [ 32 P]-end labelled using T4 polynucleotide kinase. Hybridizations to CEM-CCRF human lymphocyte total RNA were performed in 50% formamide, 0.4 M NaCl, 40 mM PIPES pH 6.8, 1 mM EDTA at 35°C for 16 hours prior to extension with avian myeloblastosis virus (AMV; Boehringer), Moloney murine leukemia virus (M-MLV; Gibco-Bethesda Research Laboratories) or Thermus thermophilus (rTth; Perkin Elmer) reverse transcriptase (RTase). All enzymes were used under the conditions specified by the manufacturer except that AMV RTase reactions were also performed at 47 °C. Reaction products were analyzed by denaturing polyacrylamide gel electrophoresis and detected by autoradiography. Reporter gene analysis Plasmids used for insertion of the 5' sequences were pOCATl (a gift from Dr. D.D. Moore) (19) and pCATbasic (Promega), both of which contained the bacterial chloramphenicol acetyltransferase (CAT) gene and polyadenylation signals derived from herpes simplex virus (HSV) and simian virus 40 (SV40) genes, respectively. Mouse NIH 3T3 fibroblasts were transfected with the CAT vector (20 /tg) using a modified calcium phosphate coprecipitation method under conditions described by the manufacturer (Stratagene) (20) . The CAT enzyme assay, performed 48 hours post-transfection, was based on the method of Neumann et al. (21) Nuclear). CAT containing plasmids were cotransfected with 10 /tg of a /J-galactosidase expression plasmid, pCHl 10 (Pharmacia-LKB), and the assay for /3-galactosidase (22) was used to correct the CAT activity values for transfection frequency. Activities for both enzymes were calculated as activity per hour per mg total cell protein and the promoter activity was expressed as the ratio of CAT:/3-galactosidase. The DNA construct that exhibited the highest normalized CAT activity was arbitrarily designated as having 100% promoter activity. A cytomegalovirus (CMV) CAT construct was used as a positive control.
SI nuclease analysis
RESULTS
The screening of a human placental genomic DNA library (Clontech) with an 835 bp human MGMT cDNA containing 14 bp EcoRI adapters at both ends (9) resulted in the isolation of 12 independent clones. Two clones containing 2.6 kb Sstl fragments that specifically hybridized with oligonucleotides corresponding to the 5'-untranslated region (K. Tano and S. Mitra, unpublished experiment) were subcloned into pUC18 and named pKT200. More extensive analysis with a variety of enzymes demonstrated that the exon homologous region was located within a 270 bp Smal fragment (Fig. 1) .
Identification of the promoter region
To identify the DNA sequences required for MGMT gene expression, various restriction fragments ( Fig. 1 ) of the 5'-untranslated region were ligated upstream from the CAT gene in the plasmids pOCATl and pCATbasic. The CAT plasmid DNA was cotransfected with pCHl 10 DNA into NIH 3T3 mouse fibroblasts. We chose NIH 3T3 cells as the recipient for these constructs because they represent a stable diploid line that expresses stable levels of MGMT activity and is known to be transfectable with good efficiency. Figure 2 shows relative CAT activity values that were normalized for transfection frequency by comparison with j3-galactosidase activity. These results demonstrate that the maximal promoter activity is produced by the 1.2 kb BamHl fragment. All other CAT activities are expressed as a percentage of this value. The BamHl fragment's promoter activity was generally 2-4% of a control CMV-CAT construct and at least 10-fold greater than a promoterless control. CAT expression was lost when the BamHl fragment was inserted into the plasmid in the opposite orientation. The full-length 2.6 kb SstI fragment had appreciable promoter activity, although considerably less than that of the 1.2 kb BamHl fragment. Promoter activity was not detected when the region 3' to the PstI site was deleted; however, the reciprocal construct, PstI to SstI had 67% the activity of the BamHl-SstI fragment. Further deletion of this 1.2 kb fragment from the 5' end to the Fspl site or to the Smal site reduced the activity to 41%. The 183 bp Xbal fragment, which contained the majority of the first exon and some intron sequence, yielded <10% of the CAT activity produced by the 1.2 kb BamHl fragment.
DNA sequence analysis and the start of transcription
To identify the exon and any potential promoter elements within this DNA, we sequenced a region extending 1157 bp 5' from the SstI site to a BamHl site. The very high GC content of the cloned DNA presented problems during initial sequencing using the M13 -40 universal primer. Frequent abberant chain termination and anomalous fragment mobility during electrophoresis were seen, presumably caused by secondary structure within the sequence. Three approaches were adopted to overcome these problems: oligonucleotide primers (17-or 20-mers) homologous to sequences within the insert were constructed; dITP or 7-deaza-dGTP were used in conjunction with dGTP during sequencing reactions; and numerous restriction fragments were subcloned into M13mpl8 and 19 for resequencing. The results of these analyses are shown in Figure 3 . The sequence is numbered 1-1157, starting at the recognition site for the restriction enzyme BamHl. The first exon is located at positions 955 -1116 (Fig. 3) . This area includes the region between 1044 and 1116 which is ftp! homologous to the cDNA sequence published by Tano et al. (excluding the 14 nucleotide adapter sequence) (9) . Two extensively GC-rich regions are present at base numbers 823-936 (89%) and 979-1031 (90%) and are separated by a run of pyrimidines (936-951). No obvious TATA box is present in the sequence.
An oligonucleotide, PSEQ2, homologous to the noncoding strand (position 1044-1028), was used for both primer extensions and for the production of a ssDNA probe for SI nuclease analysis. Because of the high GC content of the target sequence, reverse transcription was attempted with several enzymes (AMV, M-MLV and rTth) under various reaction conditions. The use of AMV RTase at a higher temperature (47 °C) has been shown to be useful in overcoming problems caused by secondary structure within the transcribed sequence (23) . Since the rTth RTase is active at 70°C (24) it also would be expected to function efficiently on GC-rich sequences. However, very little extended product was seen with either the AMV RTase or rTth RTase (data not shown), whereas M-MLV RTase at 37°C generated easily detectable signals (Fig. 4A ).
An extension product of 89 bp, produced from PSEQ2, was consistent with transcription initiated at position 955. To confirm this result, SI nuclease analysis using an M13-derived ssDNA probe was performed. A 195 bp [ 32 P]-end labeled fragment (PSEQ2-SphI, positions 1044-849) was annealed to CEM-CCRF total RNA and subjected to analysis as described in Materials and Methods. Although multiple bands are apparent on the autoradiograph (Fig. 4B) , probably the combined result of incomplete SI nuclease digestion and secondary structure generated by the GC-rich areas, one band clearly corresponds to that generated by the primer extension, consistent with transcription initiation at position 955. 
DISCUSSION
The transcription start site and the minimal promoter sequences of the human MGMT gene were located in a 1157 bp region of a genomic clone. The promoter region has features similar to the promoters of many so-called 'housekeeping' genes, such as hypoxanthine phosphonbosyltransferase (25) and adenosine deaminase (26) , whose activity is required in all cells and is not subject to environmental control. Promoters of these genes usually contain very GC-rich sequences and, unlike most other genes (27) , lack a TATA box. The human MGMT 5'-flanking sequence also lacks a TATA box and is GC-rich, particularly in the two regions between 823-936 (89%) and 979-1031 (90%). The sequence believed to be the minimal promoter is between residue numbers 886-955 and thus contains the majority of the first GCrich region. The second occurs 3' of the transcription start site and is within the first untranslated exon. In the absence of a TATA box, which usually determines the start of transcription (27) , there must be other sequences in the MGMT gene that perform the same function and aid the binding of RNA polymerase II (28).
A promoter element or putative CCAAT box (ACACCC) is present at positions 870 -876, identified only by its homology to the rabbit beta globin gene promoter (29) . A direct repeat is located at positions 6-32 and 41-67, although the relevance of these regions is at present unclear. The sequence CCGCCC, which is present as a tandem array in both SV40 and HSV promoters (30, 31) , occurs five times within a 53 bp region, at 875-928, which spans the Smal site. Such regions have been shown to act as promoter/enhancer-type elements in these viruses (32) but are also present in other eukaryotic gene promoters, e.g., 3-hydroxy-3-methylglutaryl coenzyme A reductase (33) and the epidermal growth factor receptor (34) . A stem-loop structure could form from the sequences 862-868 and 874-880, which may be important in transcriptional regulation.
The DNA sequence was searched for known recognition sequences for transcription activating binding proteins to determine whether any potential transcription regulatory elements were present. An API site (TGAGTCAG) (35) homologous to the search sequence is present. API and AP2 are responsible for upregulation of expression mediated by TPA and cAMP (35, 36) , although no evidence that these modulators affect the activity of the MGMT gene currently exists. An SP1 site (GGGCGG) (37) is present at 862-867; however, if this regulatory element is recognized on the complementary strand, the CCGCCC sequences described above would also be SP1 binding sites. There is partial homology to the glucocorticoid responsive element (GGTACANNNTGTTCT) (38) at positions 28-42 and 63-77; and to the consensus sequence for the eukaryotic heat shock promoter element (CNNGAANNTT-CNNGA) (39) at position 577-591. However, little is known about the cellular response of the MGMT gene to hormones or stress. The relative locations of all the above elements are summarized in Figure 5 . Promoter elements necessary for basal level transcription are generally found in the region -25 to -110 from the transcription start site, and at least three protein-binding sites are necessary to promote transcription (31) . Because the Smal-SstI fragment has significant promoter activity and the transcription start is positioned at 955, the MGMT promoter elements are expected to reside between positions 886 and 930. This sequence contains three of the CCGCCC elements.
The promoter activity was not increased by a fragment extending 76 bp 5' from the Smal site to the Fspl site. Since this fragment includes an SP1 site, the suggested CCAAT box and possible stem-loop structure, the role of these elements in regulating the expression of this gene is questionable.
Further 5' extension by 426 bp to the Pstl site increased promoter activity by 60%, suggesting that this region contains elements important for modulation of expression (40) . This region includes several potential transcription factor binding sites; two AP2 recognition sequences at positions 420-427 and at 602-609, a CCGCCC element and the region 577-591 which shows homology to the heat shock protein regulatory element.
Addition of a further 385 bp up to the BamHI site produced a 50% increase in promoter activity, which may be attributed to a direct repeat present at positions 4-32 and 37-67. Such repeated sequences having been shown to be important for the control of gene expression (27) . In addition, a potential API site at 344-351 and two possible glucocorticoid responsive elements at 28-42 and 63-77 in this region may be important for producing the enhancer-like activity. Extension to the 5' Sstl site had an inhibitory effect on the transcription efficiency suggesting that repressor-type elements may be present in these additional sequences. The region from the 5' Sstl site to the Pstl site was deficient in promoter activity confirming that the minimal promoter region is located 3' to this area.
The human MGMT promoter does not function when the BamHI or Pstl fragments are inverted with respect to the CAT gene. This is consistent with the usual unidirectional function of promoter sequences. The progressive increase in promoter activity with 5' extension from the minimal (Smal-SstI) to the maximal (BamHI-Sstl) promoter indicates that the larger fragment contains multiple elements (promoter or enhancer) that are required for an efficient transcriptional unit (41) .
All the data for promoter activity in this report were obtained by transfections into murine NIH 3T3 cells, however, preliminary experiments with the same CAT constructs by us and by Dr. Bernd Kaina at Kernforschungszentrum, Karlsruhe (personal communication) have confirmed their promoter activity in human cells. Moreover, there appears to be no obvious difference between Mer + and Mer cells in their capacity to support the promoter activity.
In conclusion, the human MGMT promoter belongs to the class of GC rich, TATA-free, promoters and further investigation of its transcription factors and the sequences to which they bind should contribute to understanding the mechanism of regulation in this unusual family of genes.
